highly informative DNA markers evenly spaced throughout the genome.
loci that segregated in both the Clark ϫ Harosoy and genome, with a map order that was essentially identical in all three the G. max ϫ G. soja mapping populations was used populations. Many SSR loci were segregating in two or all three to identify linkage group homologies between the mopopulations. Thus, it was relatively simple to align the 20ϩ linkage lecular and classical marker maps.
groups derived from each of the three populations into a consensus
Two characteristics of RFLP markers in soybean tend set of 20 homologous linkage groups presumed to correspond to the to complicate the task of consolidating linkage maps 20 pairs of soybean chromosomes. On the basis of in situ segregation from different mapping populations. First, only rarely or linkage reports in the literature all but one of the classical linkage groups can now be assigned to a corresponding molecular linkage have more than two alleles been identified at RFLP loci group.
in soybean. Because these two alleles generally have asymmetric frequencies, e.g., p Ͼ 0.9, q Ͻ 0.1 (Keim et al., 1989; Keim et al., 1992) , the likelihood that any two G enetic linkage maps serve the plant geneticist in genotypes will be polymorphic at a particular RFLP a number of ways, from marker assisted selection locus is relatively low. This is particularly true when both in plant improvement to map-based cloning in molecuparents of the mapping population come from adapted lar genetic research. Thus, in a widely studied and ecosoybean germplasm pools (Apuya et al., 1988 ; Lark et nomically important species such as soybean, a well al., 1993). For example, Muehlbauer et al. (1991) also developed and broadly useful linkage map would be a observed that only one-third of the available RFLP valuable resource. Ideally, such a map should include probes tested on donor parent, near-isogenic line, or many classical markers with discernible phenotypic efrecurrent parent triplets were actually polymorphic between the two parents. Similarly, Shoemaker and Specht fects, isozyme markers, as well as a large number of (1995) and Singh, 1987) . Because one fragment in a multiple to a wide range of soybean researchers. Therefore, the first objective of the work reported here was to develop banding pattern may segregate in one population and a different or an additional fragment in another, one a set of SSR markers that could be used under a standard set of amplification conditions. The second objective must define a RFLP locus not only by the probe and restriction enzyme being used, but also by the molecular was to map those SSR loci in three existing mapping populations to attempt the alignment of homologous weight of the segregating fragments(s). Up to 19 independent loci have been mapped by specific RFLP linkage groups and the identification of 20 consensus linkage groups corresponding to the 20 pairs of soy-probes (Mansur et al., 1996) . The multiplicity of RFLP loci can make RFLP linkage maps ambiguous with re-bean chromosomes. spect to RFLP locus identity, and often precludes the use of such loci for the evaluation of linkage group MATERIALS AND METHODS homology among different maps.
Development of Simple Sequence One possible solution to this complexity is the use
Repeat Markers of single locus DNA markers with multiple alleles. In
The selection of SSR-containing sequences from GenBank soybean, the highly polymorphic nature (i.e., multi-alleland the basic procedures of cloning, identification, and seism) of simple sequence repeat (SSR) or microsatellite quencing of microsatellite-containing 500-to 700-bp genomic DNA markers is quite clear as shown by initial work of clones of 'Williams' soybean DNA were described previously Akkaya et al. (1992) and Morgante and Olivieri (1993) . (Cregan et al., 1994; Akkaya et al., 1995) . One important Subsequent reports (Rongwen et al., 1995; Maughan et difference in the development of the SSR loci reported here Powell et al., 1996; Diwan and Cregan, 1997) was the use of OLIGO (National Biolabs, St. Paul, MN) softhave described highly polymorphic microsatellite loci ware for PCR primer selection. Primers were selected by a with as many as 26 alleles. A high level of allelic diversity number of criteria that included (i) annealing temperature of makes it likely that a particular SSR locus will be poly-47 Ϯ 0.5ЊC, (ii) minimal 3Ј end homologies, (iii) low 3Ј end stability to prevent false priming, and (iv) the presence of a morphic in many of the two-parent populations derived GC-clamp, if possible, near the 5Ј end of each primer. from the hybridization of adapted soybean genotypes.
Each selected primer pair was initially tested in two differ-Multiple allele molecular markers are much more useful ent PCR amplification reactions. The first used as template than dimorphic markers when tracking the fate of genothe plasmid containing the Williams soybean genomic insert mic segments in multi-parent pedigrees and in multifrom which the sequence data for the selection of the primer parent mated populations. Another virtue of SSR markset was selected. The second reaction used genomic DNA ers is their simplicity. In the development of these markof Williams soybean as template. When both amplification ers, care is taken to select polymerase chain reaction reactions yielded a single product of predicted size, the primer (PCR) primers that produce one amplification product set was further tested on a set of 10 soybean genotypes in order in an inbred soybean genotype (Cregan et al., 1994) . Bank-derived SSR loci in maize (Zea mays L.). More PI 468.916. This population currently consists of 59 F 2 plant recently, Sharon et al. (1997) mapped 25 SSR loci on a derivatives and has been described in detail (Shoemaker and genetic linkage map of avocado (persea americana Shoemaker and Olson, 1993) . The extraction of Mill.). Development and mapping of wheat (Triticum DNA and the mapping of RFLP loci in this population was aestivum L.) microsatellite loci on a similar scale has previously described by Keim et al. (1988) . DNA isolation been reported (Rö der et al., 1995; and Bryan et al., from the G. max ϫ G. soja population and RFLP probe hybrid-1997).
ization procedures were the same as previously described
The availability of a molecular genetic map saturated (Diers et al., 1992a, c; Keim et al., 1990). with highly informative, PCR-based, single-locus, multi-University of Utah Recombinant Inbred Line (RIL) Population. Originating from a cross of Minsoy ϫ Noir I, this ple-allele molecular markers would be of great utility population consists of 240 F 7 -derived RIL and has been de-1). The total number of unique loci in the three maps scribed previously (Mansur et al., 1996) . The DNA isolation combined totaled 1423, which included 606 SSR, 689 and RFLP analysis were described by Lark et al. (1993) and RFLP, 79 RAPD, 11 AFLP, 10 isozyme, and 26 classical Mansur et al. (1996). loci. Before the inclusion of the SSRs in the G. max ϫ University of Nebraska Population. This is an F 2 -derived G. soja map, the last reported MAPMAKER analysis population from the cross of near isogenic lines (NILs) of the indicated a total of 25 linkage groups (Shoemaker and important cultivars Clark and Harosoy. Each of the Clark . This number was reduced to 23 by the and Harosoy NILs used as the parents carries a number of addition of the SSR loci. The addition of well over 300 pigmentation and/or morphological mutants thereby allowing new SSR loci more than doubled the number of markers the mapping of these classical genetic loci along with molecular loci. The population consists of derivatives of 57 F 2 plants and on the Univ. of Utah map and reduced the number of previously was described by Shoemaker and Specht (1995) . linkage groups from 36 to 22. By aligning the linkage The isolation of DNA and the RFLP analysis was described groups in these two maps with the linkage groups of earlier (Shoemaker and Specht, 1995) .
the Clark ϫ Harosoy population, on the basis of the The segregation of alleles at each SSR locus in each of the presence of common SSR loci, a total of 20 linkage above populations was determined by amplifying template groups are now readily discernable (Fig. 1) . For exam-DNA from each RIL or F 2 derivative followed by electrophople, the two separate G. max ϫ G. soja linkage groups retic separation of the resulting products on DNA sequencing D1a and Q are very likely one linkage group given gels. These procedures are described in Cregan and Quigley SSR loci they have in common with D1aϩQ-U08 of the (1997 Lander, 1993) SSR loci across the three maps resulted in the establishpopulation. The absence of heterozygous genotypes in the latter population made genotypic classification less prone to ment of 20 consensus linkage groups (Fig. 1) . In the error.
case of both the G. max ϫ G. soja and the Clark ϫ Harosoy maps, only one (Y-ISU) and two (CH54 and CH24) small linkage groups, respectively, could not be
RESULTS AND DISCUSSION
aligned with any of the 20 consensus groups. The fact that these remaining small groups contain no SSR loci A total of 606 SSR loci were mapped in one or more ( Fig. 1 , Panel MLG Y ϩ Unlinked) made their alignof the three mapping populations. This number includes ment particularly difficult. 544 new loci that were not previously reported by either
As the development of the G. max ϫ G. soja and the Akkaya et al. (1995) or Mansur et al. (1996) . One impor-Minsoy ϫ Noir 1 maps progressed over the past few tant criterion used during the development of these loci years, consolidations and occasional subdivisions of was the requirement that each primer set produce only linkage groups have occurred. In addition, the names a single PCR product with each of 10 soybean genotypes of linkage groups have been changed. As a result, it as described above. Thus, each of the SSR loci reported may be difficult to relate linkage groups reported in here maps to a single locus. This avoids the ambiguity older literature with one of the 20 consensus linkage that sometimes results with soybean RFLP probes that groups shown in Fig. 1 . Table 2 provides a historical hybridize to two or more positions in the soybean summary of how linkage groups in the G. max ϫ G. sogenome.
ja and the Minsoy ϫ Noir 1 maps have been combined The total numbers of markers (SSR, RFLP, RAPD, and/or renamed to yield the 20 consensus groups pre-AFLP, isozyme, and classical) mapped in any one of the three populations ranged from 523 to 1004 (Table  sented in Fig. 1 . We have assigned new linkage group names to the 20 consensus groups that correspond as chromosome. When these associations are made, linkclosely as possible to the USDA/Iowa St. Univ. names age groups can be assigned numbers equivalent to those used in the past. In the near future, we anticipate the assigned to the 20 soybean chromosomes. availability of all 20 primary trisomics of soybean (Xu et al., 1997) . Given the availability of a large set of highly within Linkage Groups polymorphic SSR markers with unambiguous linkage group assignments, it should be a relatively simple task
Positioning of SSR Markers
In previous work, Akkaya et al. (1995) indicated that the first 40 SSR loci mapped in soybean appeared to to associate each linkage group with its corresponding Fig. 1)  (Fig. 1)  1996  1994  1992b al., 1990 (Fig. 1 Table 3 . Intervals of greater than 20 cM in the Univ. of Utah As indicated above, it is not clear from observing the (Minsoy ϫ Noir 1) genetic linkage map that do not contain maps presented in Fig. 1 that clustering are not confined to a specific subset of chromosomes. in the intervals lacking SSRs. In an effort to place SSR loci in regions with only RFLP markers, we are atdistribute randomly throughout the genome. However, tempting to use bacterial artificial chromosome (BAC) these authors also observed one cluster of five SSR clones for targeted SSR marker development as deloci that would have a low probability of occurring by scribed by Cregan et al. (1999) . These BAC clones are random chance if SSR loci were truly distributed ranbeing selected via hybridization with the RFLP probes domly in the soybean genome. With the mapping of as that map to regions devoid of SSR loci. However, in 10 many as 500 SSR loci in a single mapping population, of the 36 intervals of greater than 20 cM listed in Table  it is still not clear if there is substantial clustering of 3, no RFLP loci are present in the gaps flanked by the SSRs. Portions of many linkage groups contain groups SSR loci. It may be difficult to develop markers that of SSR loci and similar groups of RFLP loci. Linkage map to these intervals. group D1a (Fig. 1 , Panel MLG D1aϩQ) demonstrates this clustering especially in the case of the G. max ϫ
Informativeness of SSR Loci
G. soja map. At the top of the linkage group is a group Each SSR locus shown in Fig. 1 is followed by a twoof 16 markers, 13 of which are RFLPs. Adjacent to these digit value (in parentheses) which is the gene diversity are groups of uninterrupted stretches of 11 and 18 SSR of the locus multiplied by 100. Gene diversity was determarkers separated by a group of eight loci, seven of mined on a group of 10 G. max genotypes representing a which are RFLPs. Linkage group E (Fig. 1 , Panel MLG range of diversity within the cultivated species. Adapted E) in the G. max ϫ G. soja map has a very long stretch cultivars such as Williams, Clark, Amsoy, Harosoy, of mostly RFLP loci in which there is only one SSR Jackson, and Archer are included along with the more (Sat_124). Flanking this region are two clusters of markexotic genotypes Fiskeby V, Minsoy, Noir 1, and Tokyo. ers that are mostly SSRs. A similar cluster of RFLP loci
The gene diversity scores are provided to allow the occurs in linkage group G (Fig. 1 reported earlier (Shoemaker and Specht, 1995) , 
